and (A.C-G.) andres.castellanos@imdea.org KEYWORDS. Black phosphorus, strain engineering, uniaxial strain, local strain, periodic deformation, quantum confinement, optical absorption. This is the post-peer reviewed version of the following article: J. Quereda et al. "Strong modulation of optical properties in black phosphorus through strain-engineered rippling" Nano Letters (2016) DOI:10.1021/acs.nanolett.5b04670 Which has been published in final form at: http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04670 2 ABSTRACT Controlling the bandgap through local-strain engineering is an exciting avenue for tailoring optoelectronic materials. Two-dimensional crystals are particularly suited for this purpose because they can withstand unprecedented non-homogeneous deformations before rupture: one can literally bend them and fold them up almost like a piece of paper. Here, we study multi-layer black phosphorus sheets subjected to periodic stress to modulate their optoelectronic properties. We find a remarkable shift of the optical absorption band-edge of up to ~0.7 eV between the regions under tensile and compressive stress, greatly exceeding the strain tunability reported for transition metal dichalcogenides. This observation is supported by theoretical models which also predict that this periodic stress modulation can yield to quantum confinement of carriers at low temperatures. The possibility of generating large strain-induced variations in the local density of charge carriers opens the door for a variety of applications including photovoltaics, quantum optics and two-dimensional optoelectronic devices.
bonds, allows black phosphorus susceptible to withstand very large localized deformations without breaking (similarly to graphene and MoS2). [13] [14] [15] Its outstanding mechanical resilience makes black phosphorus a prospective candidate for strain engineering, i.e. the modification of a material's optical/electrical properties by means of mechanical stress. 16 This is in contrast to conventional 3D semiconductors that tend to break for moderate deformations. Very recent theoretical works explore the effect of strain on the band structure and optical properties of black phosphorus, predicting an even stronger response than in other 2D semiconductors such as transition metal dichalcogenides. Most of the reported works, however, are limited to theoretical studies 13, 14, [17] [18] [19] dealing exclusively with uniform strain, while the role of non-uniform strain remains poorlyunderstood.
Here we explore the effect of periodic strain profiles to modulate the electronic and optical properties of black phosphorus by combining hyperspectral imaging spectroscopy experiments and tight-binding calculations. We spatially probe the shift of the absorption edge in black phosphorus flakes subjected to a periodic strain profile of alternating compressive and tensile stress with periods of ~1 µm. We find that the optical absorption edge shifts towards higher energy at positions with tensile stress while compressive stress produces a shift towards lower energies. The magnitude of the observed shifts, around +10% (tensile) to -30% (compressive) of the unstrained sample gap, greatly exceeds typical values measured in transition metal dichalcogenides. [20] [21] [22] [23] [24] [25] [26] The results of our tight-binding simulations are compatible with these observations for strains below ± 5%. Most saliently, the observed spatial modulation of the absorption edge suggests the possibility of strain-induced confinement of carriers along the ripple valleys, where the local electronic gap is smallest. Such confinement is indeed confirmed by our numerical simulations of the system's This is the post-peer reviewed version of the following article: J. Quereda et al. "Strong modulation of optical properties in black phosphorus through strain-engineered rippling" Nano Letters (2016) DOI:10.1021/acs.nanolett.5b04670 Which has been published in final form at: http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04670 4 local density of states. Quantum wires with discrete one-dimensional subbands are theoretically expected to develop in the presence of a non-uniform strain in the sample. These can have a strong impact in photovoltaics, as it is predicted that a spatial modulation of the band gap could be exploited to guide the photogenerated excitons towards the positions with the smaller band gap, thus facilitating the collection of photocurrent. 23, 27, 28 Black phosphorus samples have been fabricated by mechanical exfoliation of bulk black phosphorus (Smart Elements) with Nitto tape (SPV 224). All the measurements have been carried out in less than 20 minutes after the black phosphorus exfoliation to minimize its exposure to ambient conditions as it has been shown that black phosphorus degradation is negligible at such short time scales.
2, 29 In order to generate a periodic strain profile the exfoliated flakes have been transferred onto a pre-stretched elastomeric substrate (Gel-film®) and subsequently the strain has been suddenly released (see the Materials and Methods section of the main text and the Section 1 of the Supporting Information for more details about the sample fabrication). 23 For large initial pre-stress this process produces large delaminated wrinkles. For moderated initial stress (<30%), on the other hand, the trade-off between the compressive force, the bending rigidity and the adhesion force forms a periodic rippling in the black phosphorus flakes (without delamination). In fact, when a thin film is deposited on a compliant elastic substrate, subjected to moderate compressive uniaxial strain, the thin film buckles and the substrate deforms coherently, forming surface ripples with regions alternating tensile (on the summits) and compressive stress (on the valleys) on the elastomeric substrate that strains accordingly the adhered thin film. We address the reader to Ref. [ 30 ] for more details on the mechanisms involved in the buckling-induceddelamination and buckling-induced-rippling processes. Note that, close to the flake edges one can This is the post-peer reviewed version of the following article: J. Quereda et al. "Strong modulation of optical properties in black phosphorus through strain-engineered rippling" Nano Letters (2016) DOI:10.1021/acs.nanolett.5b04670 Which has been published in final form at: http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04670 5 typically find flat regions that have been delaminated from the substrate during the fabrication process, relaxing the accumulated strain. Figure 1a shows a transmission mode optical microscopy image of a 10 nm thick (~18 layers) black phosphorus flake on a Gel-film® substrate, which has been subjected to the bucklinginduced-rippling procedure described above. The thickness of the flake has been determined from its transmittance, measured at different wavelengths (see the Supporting Information for more details). The ripples have a period of ~1 µm. Note that thinner flakes yield shorter rippling period (the period is predicted to be proportional to the flake thickness 30 ) and thus we have limited our study to flakes with thickness >10 nm which provide ripple periods larger than the spatial resolution of the experimental setup. The height of the ripples can be estimated by atomic force microscopy (AFM), see the bottom panel in Figure 1a , although the measured topography can be distorted by the finite size of the AFM tip and the narrow spacing between ripple summits, which makes the valleys look artificially shallower, and by the compliance of the elastomeric substrate.
One can also determine the relative orientation of the ripples with respect to the black phosphorus lattice by exploiting the strong linear dichroism of black phosphorus (its optical absorption depends on the relative orientation between the materials lattice and incident linearly polarized light). 31, 32 The flake shown in Figure 1 presents the ripples almost aligned parallel to the zigzag direction, with an uncertainty of ±5 degrees (see the Supporting Information for more details on the crystal orientation determination). During this work we found that the ripples tend to be preferentially aligned parallel to the zigzag direction (see Section 5 of the Supporting Information)
in agreement with recent theoretical predictions that the zigzag direction is about 4 times stiffer than the armchair direction. 13, 14 This is the post-peer reviewed version of the following article: J. Quereda et al. "Strong modulation of optical properties in black phosphorus through strain-engineered rippling" Nano Letters (2016) DOI:10.1021/acs.nanolett.5b04670 Which has been published in final form at: http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04670
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The effect of the periodic deformation of the black phosphorus on its optical properties can be spatially resolved by means of a recently developed hyperspectral imaging spectroscopy technique, described in detail in Ref. [ 33 ] . Figure 1b shows the absorption spectra acquired at different positions on the black phosphorus flake indicated with colored circles: on three ripple summits, on three ripple valleys and on three flat regions. On the bottom part of the ripples the absorption edge (i.e. a photon energy above which the material's absorption sharply increases due to the excitation of carriers from the valence band to the conduction band) occurs at an energy lower than 1.4 eV. Interestingly, the absorption edge is strongly blue-shifted by ~700 meV on the summits relative to the valleys (see arrow). From Figure 1b , it seems that the valleys are more shifted with respect to the flat regions than the summits. We attribute this to the presence of a global compressive strain because of the fabrication method employed that relies on the uniaxial compression of the black phosphorus flake / PDMS stack. Note that the studied multilayer black phosphorus flakes are expected to have a band gap smaller than 1.4 eV and thus the observed sudden increase in the absorption coefficient is not directly the modulation of the band gap. As explained in the theory discussion below, however, this high energy absorption turns out to follow the same modulation as the gap with strain, so that the absorption edge shifts are an indirect measurement of the gap modulation. The whole optical absorption curve is therefore blue-(red-) shifted at positions under tensile (compressive) strain. This is once more in contrast with other 2D semiconductors where an opposite sign of the strain-induced band gap change has been observed. [20] [21] [22] [23] [24] [25] A deeper insight into the spatial variation of the absorption edge energy can be obtained through iso-absorption maps that represent the energy at which the local absorption at each sample position This is the post-peer reviewed version of the following article: J. Quereda et al. "Strong modulation of optical properties in black phosphorus through strain-engineered rippling" Nano Letters (2016) DOI:10.1021/acs.nanolett.5b04670 Which has been published in final form at: http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04670 7 reaches a certain value. In Figure 1c we present an iso-absorption map that shows the spatial dependence of the absorption edge onset across the rippled black phosphorus sample (see the Supporting Information for more details about the hyperspectral technique and data analysis used to build up this map). The energy at which the black phosphorus sample presents the same absorption value follows the pattern imposed by the periodic ripples that induce localized tensile and compressive strains. A line cut along an area containing 11 periods and a flat region shows that the absorption edge shifts by a +10% on the summits and a -30% on the valleys with respect to the flat region (presumably unstrained), which stems from an equivalent strain-induced modulation of the gap. Note that the exact shift of the absorption edge (in %) depends on the absorption value employed to build up the iso-absorption map (see thee Supporting Information) and thus this method should be used to extract qualitative information about the spatial variation of the absorption edge rather than accurate energy values of the absorption edge which should be extracted from the plots displayed in Figure 1b . Nonetheless, these values are much larger than those observed in MoS2 by photoluminescence measurements (up to 5% band gap change for comparable strain levels). [20] [21] [22] [23] [24] [25] The above experimental results can be understood in the framework of a theoretical tight-binding model, where the electron hopping processes depend on the relative angle and on the relative atomic separation between atoms. 34 This technique is especially appropriate to study the response of finite samples to non-uniform strain profiles, which is the case of interest here. First-principle methods, on the other hand, are not well suited to analyze this problem because of the huge unit cell that must be considered, making the calculation extremely expensive in computational terms.
Black phosphorus consists in puckered atomic layers of phosphorus weakly coupled together by This is the post-peer reviewed version of the following article: J. Quereda et al. "Strong modulation of optical properties in black phosphorus through strain-engineered rippling" Nano Letters (2016) DOI:10.1021/acs.nanolett.5b04670 Which has been published in final form at: http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04670 8 van der Waals interaction. 35 We use a tight-binding model that considers ten intra-layer and four inter-layer hopping terms (Fig. 2a) which properly accounts for valence and conduction bands for energies ~ 0.3 eV beyond the gap. 36, 37 For a given profile of strain, the atoms modify their positions with respect to the equilibrium configuration, their new relative separation defined as ⃗ = ( + ) ⃗ 0 where is the identity matrix, ⃗ 0 is the vector connecting sites i and j in the undistorted lattice, and the well-known anisotropy of the elastic properties of black phosphorus is included in the strain tensor , which takes different forms for strain applied along zigzag or armchair directions (see Methods and Supporting Information for more details). The hopping terms depend on ⃗ , so they will be modified by a small-to-moderate ripple strain as The calculated electronic band structure for a monolayer with different values of uniaxial strain is shown in Fig. 2b , with the result that the gap increases (decreases) for tensile (compressive) strain, in agreement with our experimental measurements of Fig. 1 . This behavior is generic, and is also obtained for multilayers and bulk black phosphorus. The experimental ~18-layer sample is expected to be accurately modeled by the bulk limit, as all spectral and optical properties quickly converge to said limit above ~12 layers. 41 To connect the spectral properties to the optical This is the post-peer reviewed version of the following article: J. Quereda et al. "Strong modulation of optical properties in black phosphorus through strain-engineered rippling" Nano Letters (2016) DOI:10.1021/acs.nanolett.5b04670 Which has been published in final form at: http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04670 9 properties of strained black phosphorus, we have used the Kubo formula to compute the optical conductivity of both undoped single layer and bulk black phosphorus for different values and directions of uniaxial strain. In agreement with previous results for unstrained black phosphorus, 42, 43 the material exhibits a strong linear dichroism, i.e. a strong difference in optical conductivity for incident light polarized along zigzag ( ) and armchair ( ) directions, normalized to σ0 = 2e 2 /h (see Fig. 2c-d) . The modulation of gap with strain is directly observed in optical conductivity as a blue (red) shift of the onset at photon energy equal to the gap, above which optical transitions are allowed, although in the bulk limit it lies at energies ~0.3 eV, below our detection threshold. As shown in Figure 2c -d, however, the whole ( ) curve jointly shifts with strain similarly to the band gap (Figure 2b ). The expected change in bulk ( ) with a ± 5% strain modulation in the energy window of our experiment is in the ~ 800 meV range, compatible with the observed shift in the optical absorption of Figure 1b .
Having analyzed the electric and optical properties of black phosphorus under homogeneous strain, we now exploit the tight-binding model to study the case of non-uniform strain relevant to our rippled samples. We consider an undulated monolayer with 500 nm period ripples (perpendicular to the armchair direction as in the experiment), subjected to a sinusoidal strain profile as the one sketched in Figure 3a , where maximal tensile and compressive regions occur at the summit and valleys of the ripples, respectively (see Supporting Information for more details on the calculation, and results for the zig-zag case). The local density of states (LDOS) corresponding to such configuration is presented in Figure 3b , which shows how the local gap is maximum at the summits, where the sample is under tension, and minimum at the valleys, for which it is maximally compressed. Such numerical results agree with the experimental optical absorption spectra of This is the post-peer reviewed version of the following article: J. Quereda et al. "Strong modulation of optical properties in black phosphorus through strain-engineered rippling" Nano Letters (2016) DOI:10.1021/acs.nanolett.5b04670 Which has been published in final form at: http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04670 Figure 1 , and confirm the extraordinary tunable properties of black phosphorus with strain.
Notably, moreover, they show that the gap modulation, even for the narrow 500 nm ripples considered in our simulation, gives rise to strong quantum confinement of carriers within ripple valleys at low enough temperatures. This is apparent from the formation of quasi-1D subbands in the LDOS (sharp van-Hove resonances as a function of energy). The spatial width of the lowest mode is a mere ~130-160 nm, with a distance to the next subband exceeding 20 meV even in the multilayer case (see Supporting Information for more details). While our experimental observations are performed at room temperature, and are thereby unable to resolve discrete subbands, they however unambiguously demonstrate that carriers are fully confined along the ripples, since otherwise the observed absorption edge would not be spatially modulated.
It is interesting to summarize our results by comparing the effect of strain in black phosphorus to other two dimensional crystals, like transition metal dichalcogenides. [20] [21] [22] [23] Two considerations are in order: first, as we have seen, tensile (compressive) strain opens (closes) the gap in black phosphorus, whereas the opposite trend is observed for transition metal dichalcogenides. Second, the black phosphorus band structure is considerably more sensitive to strain than the electronic structure of transition metal dichalcogenides, spanning a range of around 0.7 eV in band modulation even with moderate strains. This is a consequence of the peculiar puckered lattice structure of black phosphorus layers. The gap in this material is mainly controlled by the ratio between in-plane and out-of-plane hoppings ( 1 ∥ and 2 ∥ in Fig. 2a , respectively), which are affected very differently by in-plane strains. This is in contrast to the case of transition metal dichalcogenides, whose gap essentially stems from onsite crystal fields on the metal orbitals, and is therefore much less sensitive to strains. This is the post-peer reviewed version of the following article: J. Quereda et al. "Strong modulation of optical properties in black phosphorus through strain-engineered rippling" Nano Letters (2016) DOI:10.1021/acs.nanolett.5b04670 Which has been published in final form at: http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04670
11
Our results moreover suggest that black phosphorus is an extraordinary candidate to create exciton funnels, 27 but unfortunately our spatially resolved optical spectroscopy technique is not suitable to probe these excitonic effects. The funnel effect arises in the presence of a spatial modulation of the band gap in a reduced spatial region. As we have shown, this modulation is huge in our samples, of up to ~0.7 eV. This is expected to lead to strong confinement of carriers into narrow one-dimensional ~150 nm wide quantum wires formed along the valleys of the sample ripples (see Figure 3 ). If the lifetime of carriers is large enough to permit sufficient exciton drift before recombination, the excitons will be funneled into the quantum wires until the recombination takes place. Funneling has been recently proposed as a powerful strategy to enhance the efficiency of photovoltaic energy harvesting devices by facilitating the collection of photogenerated carriers. 23, 27, 28 More fundamentally, it has also been discussed as an interesting avenue to create exciton condensates in solid state devices, with trapping potentials ~20 meV that are much stronger than those achieved by alternative implementations based on the AC Stark effect (reaching 5 meV confining potential). 44 
MATERIALS AND METHODS
We prepared black phosphorus nanosheets on elastomeric substrates (Gel-Film® PF 6. Nano Letters (2016) DOI:10.1021/acs.nanolett.5b04670 Which has been published in final form at: http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04670 13 in-plane deformation of the crystal in the perpendicular direction to the applied strain. 13 Whereas an externally applied uniaxial strain along the zigzag direction does not lead to a significant deformation in the perpendicular direction, this is not the case if the strain is applied along the armchair direction, which induces a considerably flattening (widening) of the lattice for tensile (compressive) strain. This effect is accounted for by the Poisson ratio, which (absent quantitative experimental or numerical information) we take as 3 ≈ 0.2 for single-layer phosphorene 19 and 3 ≈ 0.1 for bulk black phosphorus, estimated as 3 = | 13 / 11 | from the elastic constants calculated in Ref. 45 . To compare with our experiments, the modulation of the uniaxial strain is chosen to be defined by a sinusoidal function ( ) = Optical absorption spectra acquired on three ripple summits, three valleys and three flat regions, indicated with coloured circles in a. c Iso-absorption map that represents the energy at which α 2 = 7.5·10 -11 cm -2 at each sample location. The map illustrates how the absorption spectra spatially varies due to the periodic compressive and tensile stress induced by the ripples. A linecut along the dashed line is showed below the iso-absorption map.
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Buckling-induced rippling
When a thin elastic film adhered onto a compliant substrate is subjected to uniaxial compressive strain above a certain critical value c , it undergoes a rippling process due to the trade-off between the buckling of the thin film and the adhesion between the thin film and the substrate. Specifically, the value of c depends on the plane-strain moduli of the film and the substrate, ̅ f and ̅ s respectively as [S1]
These ripples have a sinusoidal shape given by [S2]
where ( ) is the height at a given position x along the ripple. The period of the ripples depends on the ratio of the plane-strain moduli, ̅ f and ̅ s , and on the thickness of the thin film, h, as
And the amplitude of the ripples depends on the ratio between the critical strain value c , the applied compression strain , and the thickness of the thin film, ℎ:
This sinusoidal ripples are often observed in thin film sample fabrication processes and have has been experimentally reported for smaller samples, including graphene and molybdenum disulfide [S3-S5]. 
Black phosphorus thickness determination
The thickness determination through atomic force microscopy (AFM) results challenging on top of elastomeric substrates (see the Supporting Information of Ref. [S6] ). Moreover, the fast degradation of the exfoliated black phosphorus flakes in ambient conditions makes it necessary to develop a fast and non-destructive method to determine the thickness of the studied black phosphorus flakes. First we measure the light transmission in various regions of black phosphorus flakes with different thicknesses under monochromatic illumination with different wavelengths, selected using optical filters (see Figure S2a) . Then we transfer the flakes onto a SiO2/Si substrate, as shown in Figure   S2c , using a recently reported transfer technique [S7] and we measure their thickness through contact-mode AFM ( Figure S2d ). 
http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04670 26 rippled flakes we are able to determine the thickness of black phosphorus flakes. Using this method we get a thickness of 10 ± 2 nm for the flake shown in Figure 1 of the main text.
Determination of the black phosphorus crystal orientation
The marked structural anisotropy of black phosphorus is the stem of its anisotropic optical, mechanical and electrical properties. One can exploit its marked linear dichroism, optical absorption that depends on the relative orientation between the materials lattice and incident linearly polarized light, to determine the crystal lattice orientation of a certain black phosphorus flake.
The anisotropic optical properties of black phosphorus are characterized by transmission mode optical microscopy. A linear polarizer is placed between the microscope light source and the condenser lens. Transmission mode images are acquired while the polarizer is rotated in steps of 3°. The transmission is then calculated by normalizing the intensity measured on the black phosphorus flake by the intensity measured on the nearby bare substrate. Figure S3 shows a polar plot with the angular dependence of the transmission of a black phosphorus nanosheet (showed as a water mark inside the polar plot). The polar-plot clearly shows marked linear dichroism: the optical transmission reaches a maximum value when the excitation light is polarized along the zigzag direction. [S8] In this case, the zigzag direction is parallel to a straight edge of the black phosphorus flake. 
Results on additional black phosphorus samples

Photocurrent spectroscopy of unstrained black phosphorus
The absorption spectra in Figure 1b drops (in the case of the topmost part of the ripples even below the resolution limit of our experimental setup) at 1.4-1.8 eV, In order to determine whether the absorption drop observed in the 1.4-1.8 eV range is related to the fundamental absorption edge (transitions between the top of the valence band and the bottom of the conduction band) or is due to a higher energy optical transition we have fabricated a ~10 nm thick black phosphorus photodetector and we studied its photocurrent (which is approximately proportional to the absorption) as a function of the illumination wavelength. This approach allows us to overcome the limitation of our detector.
The black phosphorus photodetector is fabricated by deterministic transfer of the mechanically exfoliated material on pre-patterned Au electrodes on SiO2/Si + . [S7] Briefly, the bulk material is exfoliated with an adhesive tape (Nitto tape), obtaining the exfoliated source material which is subsequently exfoliated with a polydimethylsiloxane (PDMS, Gelfilm from Gelpak) stamp.
Several flakes with different thicknesses remain adhere to the stamp and their thickness can identified by optical microscopy in transmission mode. The desired flake is then deterministically transferred on the substrate, consisting of two Ti/Au (5 nm / 50 nm) electrodes, separated 10 µm, which have been previously patterned by electron-beam induced shadow-mask evaporation on a SiO2 layer (285 nm) thermally grown on a highly p-doped Si substrate. The sample is then annealed at 100 ºC in vacuum (P ~ 1 mbar) during 20 minutes to improve the electrical contact between the flake and the electrodes. In Figure S7a we can see an optical microscopy image of the fabricated device.
The optoelectronic characterization is performed in a homemade probe station operating in ambient conditions (air atmosphere), right after sample preparation to avoid degradation of the material.
[S9] Figure S7b shows an artistic representation of the measurement: a light spot with a known diameter, wavelength (provided by a LED source, Thorlabs) and power (previously measured) is used to illuminate the material with modulated intensity at 0.25 Hz. The drain-source current is measured as a function of time while the LED is switched on and off, allowing to determine the photocurrent (Iph), defined as the difference of the current upon illumination and in drak conditions, of the device ( Figure S7c ). From this measurement with obtain photocurrent generation in a wide range of wavelengths from the ultraviolet (UV) up to the near-infrared (NIR) region of the spectrum, in good agreement with previously reported experiments. [S10] We can also calculate the responsivity (R) of the device as a function of the light wavelength, defined as the ratio between the generated photocurrent and the light power: R = Iph/P. The responsivity is usually calculated using the light effective power (Peff) instead of the total power, giving a more accurate number, which is defined as: Peff = P·Adev/Aspot, where Adev is the area of the flake lying in between the electrodes and Aspot is the area of the light spot. The calculated responsivity is shown in Figure   S7d , where we see a maximum value of ~ 90 mA·W -1 upon illumination with light wavelength of 1500 nm, in good agreement with previously reported values.
[S11] 
Generation of iso-absorption maps
In order to generate the iso-absorption maps we first acquire hyperspectral images of the rippled flakes as explained in detail in Ref. [S12] . Then, we calculate the wavelength-dependent absorption coefficient, α, for each location on the sample by the using:
where T is the light transmission (i.e. the ratio between the light intensity transmitted by the flake and the light intensity transmitted by the substrate) and d is the flake's thickness.
Finally, at each sample location the excitation energy value at which the α 2 value matches a certain cut-off value (iso-absorption energy) is extracted and it is represented in a color map form. 
Orientation of the ripples with respect to the crystal lattice
During this work we found out that the ripples on the black phosphorus samples tend to be aligned preferentially parallel to the zigzag direction. Figure S9 shows examples of rippled black phosphorus flakes whose crystal lattice orientation has been determined by measuring their linear dichroism on a flat region of the flake. Figure S9h shows a histogram with the angles formed between the ripples and the zigzag direction which illustrates how the ripples typically occur around the zigzag direction. This is in agreement with recent theoretical works that predict that the zigzag direction is about 4 times stiffer than the armchair direction. 
Tight Biding Model
Black phosphorus lattice (Figure S10a where the ∥ are intra-layer hoppings and ⊥ are the inter-layer hoppings. The relevant hopping amplitudes are shown in Figure S10 (a) and their corresponding values are given in Table S1 . Band structure for black phosphorus monolayer, obtained from (S5) putting ⊥ = 0 is shown in Figure   S10 (b). In Figure S10 (c) we plot the energy bands for a sample with 18 layers, which is the typical thickness of the samples studied in our experiments. Table S1 . Values of the tight-binding parameters for the in-plane and out-of-plane hopping amplitudes [S13] .
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Strain Effects on Band Gap: the uniform case
As explain in Methods, within the Slater-Koster scheme the hopping amplitudes are functions of the interatomic distances. When the sample is subjected to an external strain, such distances are modified according to the corresponding strain tensor, and the new atomic positions determine the modification to the hopping amplitudes. The change of the most relevant hopping terms with strain is shown in Figure S10 for uniaxial strains along the two principal directions of the lattice. As discussed in the main text, the gap in the monolayer is controlled to leading order by the combination Δ ≈ (4 1 ∥ + 2 2 ∥ ). Since the two hopping amplitudes have different sign (see Table   S1 ), and 2 ∥ is much less sensitive to external strain than 1 ∥ , as inferred from Figure S11 , the effect In Figure S12 we present the modulation of the gap due to shear strain. The gap variation due to shear strain does not depend on its direction (armchair or zig-zag). 
Optics in Black Phosphorus
In order to match with experimental results about optical absorption, we have computed the (real part of the) optical conductivity as a function of photon energy using the Kubo formula,
In (S6) A is the area of the unit cell, Ψ ( ⃗ ) is the eigenstate relative to energy , ( ) = 1 (1 + ) ⁄ is the Fermi distribution, considering that the Fermi level is taken inside the gap, and the velocity operators.
Linear polarized light gives access to anisotropic features of ( ). It has already been predicted [S14,S15] that conductivity along the armchair direction ( ) is an order of magnitude larger than along zig-zag direction ( ). In Figure 2c and 2d of the main text these two component, normalized to the conductance quantum 0 = 2 2 /ℎ, are plotted as a function of the photon energy ħω. In Figure S13 we present the optical conductivity as a function of the polarization angle of incident light This is the post-peer reviewed version of the following article: J. Quereda et al. "Strong modulation of optical properties in black phosphorus through strain-engineered rippling" Nano Letters (2016) DOI:10.1021/acs.nanolett.5b04670 Which has been published in final form at: http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04670 37 As reported in References [S14] and [S15] the 8-like shape can be smoothed into an ellipsoidal shape by the presence of disorder, such as vacancies or ad-atoms. This smoothing is compatible with the experimental curves for optical absorption shown in Section 2 of this Supplementary Information. 
Non-uniform Strain in phosphorene nanoribbons
Motivated by the dependence of gap on strain highlighted in the previous sections, here the effects of non-uniform uniaxial stress will be analyzed. We model the experimental situation with a sinusoidal uniaxial strain profile along the armchair direction The LDOS ( , ) was computed for an infinite rippled monolayer, with a period = 500nm
and a strain variation 0 = 5% . The results are shown in Figure 3b of the main text. The modulation of the gap produced by the sinusoidal strain produces quantum confinement of carriers into discrete 1D channels. The lowest modes in both conduction and valence bands are localized within ~150 nm of the ripple valleys, and are hence only disperse along the ripples (y direction).
The subband spacing in this case is around 25 meV, i.e. around room temperature.
We have furthermore analysed the LDOS for ripples perpendicular to the zig-zag edge, for a ripple period of 250 nm, see Fig. S14 . The gap modulation is similar, although somewhat smaller, than for the armchair case. This similarity is expected, as the gap-modulation mechanism relies on the change of 2║ / 1║ with uniaxial strain, which is roughly equivalent in all directions. Figure S14 . Local density of states, with several quantum-confined channels for zig-zag ripples with a 250 nm period.
The experimental sample has an estimated thickness of about 18 layers. We now show that the above qualitative picture of quantum confinement in the monolayer carries over to the realistic multilayer case. We first consider a bilayer, with a period = 250 nm, and the same value for the strain 0 = 5%. The LDOS is shown in Figure S15 (a,b) for the conduction and valence bands, respectively. We note the same pattern of discrete 1D channels developing in this case, since the period , albeit shorter than in the previous simulation, is still larger than the quantum confinement length ~100 nm. The subband spacing is ~50 meV. This is the post-peer reviewed version of the following article: J. Quereda et al. "Strong modulation of optical properties in black phosphorus through strain-engineered rippling" Nano Letters (2016) DOI:10.1021/acs.nanolett.5b04670 Which has been published in final form at: http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04670 40 An alternative way to picture the effect of quantum confinement is to plot the spatial density of the quantum wire eigenmodes for zero momentum along the ripples = 0 (i.e. |⟨ |Ψ ( )⟩| 2 ). This is shown in Figures S15(c,d) , together with the dispersion of the subbands (dashed curves) along the ripples (i.e. ( )). We see that different modes are characterized by an increasing number of nodes and larger spatial width. The width eventually reaches the lattice period when the mode has an energy comparable to the local gap at the summit (fifth mode -blue-in Figure   S15 (c,d)), at which point the mode ceases to be confined and disperses along both x and y directions.
For a rippled sample with 18 layers, the mode bandstructure is considerably denser, as can be seen in Figure S15 (e,f). However, both the confinement length and subband spacing of the lowest mode remains comparable to those of the monolayer, at ~100 nm and ~20 meV respectively.
